Abstract At exercise steady state, the lower the arterial oxygen saturation (SaO 2 ), the lower the O 2 return ð _ Q" vO 2 Þ: A linear relationship between these variables was demonstrated. Our conjecture is that this relationship describes a condition of predominant sympathetic activation, from which it is hypothesized that selective b1-adrenergic blockade (BB) would reduce O 2 delivery ð _ QaO 2 Þ and _ Q" vO 2 : To test this hypothesis, we studied the effects of BB on _ QaO 2 and _ Q" vO 2 in exercising humans in normoxia and hypoxia. O 2 consumption ð _ V O 2 Þ; cardiac output ð _ Q; CO 2 rebreathingÞ; heart rate, SaO 2 and haemoglobin concentration were measured on six subjects (age 25.5±2.4 years, mass 78.1±9.0 kg) in normoxia and hypoxia (inspired O 2 fraction of 0.11) at rest and steady-state exercises of 50, 100, and 150 W without (C) and with BB with metoprolol. Arterial O 2 concentration (CaO 2 ), _ QaO 2 ; and _ Q" vO 2 were then computed. Heart rate, higher in hypoxia than in normoxia, decreased with BB. At each _ V O 2 ; _ Q was higher in hypoxia than in normoxia. With BB, it decreased during intense exercise in normoxia, at rest, and during light exercise in hypoxia. SaO 2 and CaO 2 were unaffected by BB. The _ QaO 2 changes under BB were parallel to those in _ Q: _ Q" vO 2 was unaffected by exercise in normoxia. In hypoxia the slope of the relationship between _ QaO 2 and _ V O 2 was lower than 1, indicating a reduction of _ Q" vO 2 with increasing workload. _ Q" vO 2 was a linear function of SaO 2 both in C and in BB. The line for BB was flatter than and below that for C. The resting _ Q" vO 2 in normoxia, lower than the corresponding exercise values, lied on the BB line. These results agree with the tested hypothesis. The two observed relationships between _ Q" vO 2 and SaO 2 apply to conditions of predominant sympathetic or vagal activation, respectively. Moving from one line to the other implies resetting of the cardiovascular regulation.
Introduction
Acute polycythaemia and anaemia cause opposite changes in cardiac output ð _ QÞ and in the blood flow of active skeletal muscles, which compensate for the induced changes in blood haemoglobin concentration ([Hb] ), and thus in arterial oxygen concentration (CaO 2 ) (Ferretti et al. 1992; Koskolou et al. 1997b; Roach et al. 1999; Gonzalez-Alonso et al. 2001) . As a consequence, the oxygen flow in arterial blood ðoxygen delivery; _ QaO 2 Þ at any given metabolic level is maintained invariant. Indeed _ QaO 2 is independent of [Hb] and is linearly related to the exercise oxygen consumption ð _ V O 2 Þ: Moreover, the linear relationship between _ QaO 2 and power was found to be parallel to that between _ V O 2 and power (Ferretti et al. 1992) . This indicated that the difference between these two lines on the y-axis, corresponding to the oxygen flow in mixed venous blood ðoxygen return; _ QvO 2 Þ; is a constant. The value at which the constant _ QvO 2 is set, however, was found to be lower if the arterial oxygen saturation (SaO 2 ) was lower (Koskolou et al. 1997a) , despite the _ Q increase in acute hypoxia (Stenberg et al. 1966) . Anchisi et al. (2001) found a linear relationship between SaO 2 and _ Q" vO 2 ; which we interpret as applying to a condition of predominant sympathetic activation. This postulate relies on the following notions: (1) a resting human in normoxia is characterised by elevated vagal stimulation that is withdrawn at exercise start (Robinson et al. 1966; Fagraeus and Linnarsson 1976; Malliani et al. 1991) ; (2) the _ Q" vO 2 values observed by Anchisi et al. (2001) in resting humans in normoxia fall well below the described SaO 2 vs _ Q" vO 2 line, and are significantly lower than the invariant _ Q" vO 2 values observed at exercise in normoxia in the same study; (3) acute hypoxia depresses vagal activation (Yamamoto et al. 1996; Lucy et al. 2000; Halliwill and Minson 2002) and increases sympathetic activation (Xie et al. 2001) ; and (4) the _ Q" vO 2 values observed by Anchisi et al. (2001) in resting humans in hypoxia lie on the described _ Q" vO 2 vs SaO 2 line. A direct consequence of this postulate is the hypothesis that selective blockade of heart b1-adrenergic receptors would reduce _ QaO 2 and _ Q" vO 2 in humans at given submaximal steady state workloads, and thus change the relationship between _ Q" vO 2 and SaO 2 . However, to the best of our knowledge, no report of the effects of selective b-blockade on _ QaO 2 and _ Q" vO 2 in healthy humans exists in the literature. The few studies on the cardiorespiratory response to exercise in healthy humans after selective b1-adrenergic blockade show contradictory results. The maximal oxygen consumption and maximal expiratory ventilation at exercise was reported to be slightly reduced in many (Van Baak et al. 1985; Kaiser et al. 1986; Verstappen and Van Baak 1987; Gullestad et al. 1988; Jilka et al. 1988; Kalis et al. 1988; Vanhees et al. 1988) but not in all studies (Ronnevik et al. 1995) . Maximal cardiac output was also reduced (Pawelczyk et al. 1992) , whereas cardiac output at submaximal exercise was found to be slightly reduced in some studies (Joyner et al. 1986; Kelbaek and Godtfredsen 1991; Pawelczyk et al. 1992) but not in all (Vanhees et al. 2000) . Obviously enough, heart rate and systolic blood pressure were found to be systematically reduced.
We therefore decided to carry out the present study, the aim of which was to test the hypothesis formulated above that selective blockade of heart b1-adrenergic receptors would reduce _ QaO 2 and _ Q" vO 2 in exercising humans and the relationship between _ Q" vO 2 and SaO 2 . To this aim, we determined the effects of selective b1-adrenergic blockade with metoprolol on _ QaO 2 and _ Q" vO 2 in humans exercising in normoxia and in acute normobaric hypoxia.
Methods

Subjects
Six healthy young subjects took part in the experiments. They were 25.5±2.4 years old and weighed 78.1±9.0 kg. Their maximal oxygen consumption in normoxia was 3.66±0.24 l min À1 , so that all had a maximal aerobic power above 250 W. All had a normal resting and exercise electrocardiogram. All subjects were informed about the procedures and the potential risks of the experiments and signed an informed consent form. The local Ethical Committee approved the study, which did not foresee the performance of maximal exercise tests in hypoxia.
Measurements and calculations _ V O 2 ðl min À1 Þ; carbon dioxide output ð _ V CO 2 ; l min À1 Þ; and expired ventilation ð _ V E ; l min À1 Þ were determined at the mouth by means of a breath-by-breath respiratory monitoring system (Vmax 29, SensorMedics, USA). The average values at the steady state of each workload, calculated on a time basis of 1 min, were retained.
Heart rate (f H, min À1 ) was measured by electrocardiography (Elmed ETM 2000, Germany) and SaO 2 by fingertip infrared oximetry (Ohmeda 2350 Finapres, USA). The subjects were instructed not to grip the cycle bar with the hand that carried the finger cuff. [Hb] (g l À1 ) was measured by a photometric technique (HemoCue, Sweden) on 10 ll blood samples. Blood lactate concentration ([La] b ) was measured by an electroenzymatic method (Eppendorf EBIO 6666, Germany) on 20 ll blood samples. Arterialised blood gas composition was measured by means of microelectrodes (280 Blood Gas System, Ciba Corning, USA) on 80 ll blood samples. All blood samples were taken from an ear lobe which was previously made hyperhaemic by means of a vasodilating ointment in order to avoid underestimation of oxygen partial pressure values.
_ Qðl min À1 Þ was measured by the one-step CO 2 rebreathing method (Farhi et al. 1976 ). The CO 2 fraction at the mouth immediately before and during the rebreathing manoeuvre was continuously analysed by means of a mass spectrometer (Balzers Prisma, Liechtenstein). Breathing volume and rebreathing frequency were selected so as to obtain an initial drop in alveolar CO 2 pressure (PACO 2 ). The subjects were instructed to completely empty the rebreathing bag, or nearly so, at each inspiration. The beginning of rebreathing was controlled by an automatic system which had been previously described (Anchisi et al. 2001) . Rebreathing was terminated by the operator within at most ten breaths, unless the PACO 2 reached 55 mmHg, in which case the rebreathing procedure was stopped automatically by the system. The one-step CO 2 rebreathing method measures the _ Q of the time period immediately preceding the rebreathing manoeuvre, if the PCO 2 during rebreathing recovers to the initial steady state PACO 2 in less than 10 s or at least within a circulation time (Matalon et al. 1982) . Under these conditions, the acute beat-by-beat changes in _ Q induced by rebreathing do not affect the calculated steady-state _ Q values. Moreover, a rebreathing mixture containing 60% of O 2 in N 2 could be used also for the experiments in hypoxia. This allowed fulfilment of a precise gas matching at the alveolo-capillary level during the entire rebreathing manoeuvre, so that the assumption of a standard CO 2 dissociation curve during rebreathing could be maintained (Farhi et al. 1976) . Correction for changes in [Hb] was introduced in the computation algorithm. The method shows a close correspondence with the direct Fick method, despite a slight tendency to overestimate _ Q at rest (Ohlsson and Wranne 1986) . The stroke volume (SV, ml) was calculated as the ratio between _ Q and f H. The CaO 2 , (ml l
À1
) was ob- Protocol Experiments were performed in normoxia (breathing ambient air) and in acute normobaric hypoxia (FiO 2 = 0.11, corresponding to inspired oxygen partial pressures, PiO 2 , of 80 mmHg). In both conditions the subjects performed two incremental exercise tests, one without bblockade (control condition, C) and one after having induced quasi-complete b1-adrenergic blockade with metoprolol (b-blockade, BB). Thus each subject participated in four experimental sessions which were carried out on different days. The experiments in normoxia always preceded those in hypoxia, and the experiments with b-blockade always followed the control tests. In hypoxia, inspired air was administered from precision high-pressure gas cylinders via an 80 l Douglas bag buffer. The inspired oxygen fraction, FiO 2 , was monitored on the inspiratory line close to the mouth. The gas flow from the cylinders was continuously adjusted to the subject's ventilation. Experiments in hypoxia were preceded by a 10 min period for gas store equilibration.
In the BB experiments, intravenous administration of metoprolol (Lopre´sor, Novartis, Switzerland), a selective inhibitor of b1-adrenergic receptors, was performed prior to the incremental exercise test. After a first intravenous bolus of 7.5 mg, additional doses up to 30-40 mg were administered until a quasi-complete receptor blockade was achieved. This was suggested by a 10-15% reduction in basal f H and by more than 60% inhibition of isoprenaline-induced tachycardia (up to 0.15 lg kg
). The isoprenaline test was performed only on the first occasion, for the experiments in normoxia, when the appropriate metoprolol dosage for inducing quasicomplete receptor blockade was determined. The same dosage was then applied in all the subsequent tests.
In each of the four sessions, the investigated parameters were determined at rest and at the steady state of submaximal dynamic leg exercises on the cycle ergometer. The selected workloads were 50, 100, 150, and 200 W and were administered in increasing order. The 200 W workload, however, was not performed in hypoxia because in some subjects it was sufficiently close to their maximal aerobic power to prevent the attainment of a metabolic steady state. The duration of each workload was 8-11 min. Successive workloads were separated by 5 min recovery intervals, during which blood sampling for [La] b determinations were performed at 1, 3, and 5 min. _ V O 2 ; f H, and SaO 2 were measured continuously throughout the entire protocol. The _ V O 2 monitoring, however, was inevitably interrupted during the rebreathing manoeuvres.
At rest, as at each workload, three rebreathing procedures were performed, the first after 3 min from start and the others as soon as a clear respiratory steady state was re-established, but never before at least 2 min had elapsed from the end of the previous rebreathing. The return to a steady state was identified from the stability of breath-by-breath _ V O 2 values, beat-by-beat heart rate values, and continuous SaO 2 recordings. The mean of the three _ Q measurements was retained as the _ Q value for that exercise level. Table 1 Arterialised blood gas composition, pH, lactate, and ventilatory parameters at rest and at steady-state exercise in normoxia and in hypoxia without (C) and with (BB) b1-adrenergic blockade PaCO 2 , arterialised blood carbon dioxide partial pressure; PaO 2 , arterialised blood oxygen partial pressure; _ V CO 2 ; carbon dioxide output; _ V E; expired ventilation. Data are given as mean (bold character) ± SD (normal character on immediate right)
[Hb] was determined before each rebreathing procedure. Steady-state _ V O 2 ; _ V CO 2 ; and _ V E were averaged in the minute that preceded the performance of the last rebreathing. The average SaO 2 and f H values over the same period were retained as the steady-state SaO 2 and f H. Arterialised blood gas composition was determined before the second rebreathing (Table 1) .
Statistics
Data are given as mean and standard deviation. The ANOVA was used to assess the differences for each measured and calculated parameter between the four tested conditions (normoxia and hypoxia, with and without BB) at the investigated work rates. A post hoc Bonferroni test was used to determine differences between pairs. Regression equations were computed by the least square method. Differences between regression lines were assessed by ANOVA (Kleinbaum et al. 1988) . A normal distribution of errors was assumed. The results were considered significant if p < 0.05.
Results
Respiratory variables
_ V O 2 was a linear function of mechanical power ð _ wÞ: Since this relation was the same in all the investigated conditions, an overall relationship was calculated described by the following equation: _ V O 2 ¼ 0:0122 _ wþ 0:396; n ¼ 108; r ¼ 0:989: From the slope of this line an average mechanical efficiency of exercise of 0.235 was computed. The increase in _ V CO 2 with _ w was parallel to that in _ V O 2 : The gas exchange ratio was never higher than 1, except at 150 W in hypoxia.
Respiratory and metabolic data are reported in Table  1 . In C, both O 2 and CO 2 partial pressures (PaO 2 and PaCO 2 , respectively) were lower in hypoxia than in normoxia. In both conditions, BB did not induce significant differences in PaO 2 and PaCO 2 with respect to C. Arterialised blood pH was higher in hypoxia than in normoxia and was unaffected by BB. The ensemble of this data indicate occurrence of hyperventilation in hypoxia as demonstrated also by the significantly higher _ V E values at each workload in hypoxia than in normoxia.
[La] b was higher in hypoxia than in normoxia and was unaffected by BB. The highest [La] b values were observed at 150 W in hypoxia (5.64±1.84 and 5.36±2.22 mM in C and BB, respectively).
Cardiovascular oxygen transport in the control condition
The values observed for the cardiovascular oxygen transport parameters at rest and at the steady state of each workload in normoxia and in hypoxia are summarised in Table 2 . f H, SV, _ Q and _ QaO 2 increased significantly at exercise in both normoxia and in hypoxia. f H was systematically and significantly higher in hypoxia than in normoxia at each workload.
In the following figures, the values describing the relations between variables observed in C are reported as Table 2 Cardiovascular oxygen transport at rest and during exercise in normoxia and hypoxia without (C) and with (BB) b1-adrenergic blockade filled symbols (filled circle for normoxia, filled diamond for hypoxia).
The relationships between _ Q and f H are shown in Fig. 1 . SV isopleths are also reported in the same figure. The regression lines did not differ significantly between them.
The relationships between _ Q and _ V O 2 are shown in Fig. 2 . Isopleths for the arterial-venous O 2 difference are also reported in the same figure. The regression line in hypoxia had a significantly steeper slope than in normoxia, so that, at each workload, _ Q was significantly higher in hypoxia than in normoxia. As _ V O 2 at each workload was the same, this finding was accompanied by correspondingly lower arterial-venous O 2 differences in hypoxia than in normoxia.
SaO 2 and CaO 2 were lower in hypoxia than in normoxia. In hypoxia, they also decreased with increasing workload. As a result of this, and despite the lower arterial-venous O 2 differences in hypoxia, the O 2 extraction coefficient was greater in hypoxia than in normoxia (see Table 1 ).
The relationships between _ QaO 2 and _ V O 2 are shown in Fig. 3 . The regression line for normoxia had a slope significantly equal to 1. This means that in normoxia the difference between _ QaO 2 and _ V O 2 ðequal to _ Q" vO 2 Þ did not change with increasing workload. In hypoxia the Fig. 1 Cardiac output as a function of heart rate. Each dot represents the mean value observed at a given power in each experimental condition. Regression lines were calculated on the individual values for each investigated condition. Regression equations for C were: y = 0.162 x À 3.95 in normoxia and y = 0.169 x À 3.23 in hypoxia. Regression equations for BB were: y = 0.179 x À 2.90 in normoxia and y = 0.260 x À 8.48 in hypoxia. Thin lines are isopleths for stroke volume slope of the _ QaO 2 vs _ V O 2 relationship (0.742) was significantly lower than 1. This means that in hypoxia _ Q" vO 2 decreased as a function of workload. As a consequence, in hypoxia, the _ Q" vO 2 values at 100 and 150 W were significantly lower than the corresponding values in normoxia. The resting _ Q" vO 2 value in normoxia, not included in the regression analysis, was significantly lower than the corresponding invariant values at exercise. In hypoxia the resting _ Q" vO 2 value did not differ significantly from the corresponding value in normoxia. However, the _ Q" vO 2 values at 100 and 150 W in C were significantly lower than the corresponding values in normoxia.
The effects of BB on cardiovascular oxygen transport
The values observed for the cardiovascular oxygen transport parameters at rest and at the steady state of each workload in normoxia and in hypoxia under BB are also shown in Table 2 . As in C, f H, SV, _ Q; and _ QaO 2 increased significantly at exercise, both in normoxia and in hypoxia. At rest and at each workload, f H was systematically and significantly decreased by BB, both in normoxia and in hypoxia. The lower f H at any given _ V O 2 implied a significant increase in the oxygen pulse in BB.
The effects of BB on the investigated parameters and on the relations between the analysed variables are re- hypoxia than in normoxia as a consequence of increased SV. With respect to C, BB appeared to increase the slope of the _ Q vs f H line in hypoxia, though not in normoxia. Significantly higher SV values were observed under BB than in C in both normoxia and hypoxia.
The relationships between _ Q and _ V O 2 are combined in Fig. 2 . The slope of the regression line in hypoxia was significantly higher than in normoxia. As _ V O 2 at each workload was the same, this finding implied correspondingly lower arterial-venous O 2 differences in hypoxia than in normoxia also under BB. BB did not change these slopes significantly with respect to those of the corresponding lines in C. In normoxia, _ Q was significantly decreased by BB at 100 W exercise and above. In hypoxia, the same was the case at rest and at 50 W ( Table 2) .
As in C, SaO 2 and CaO 2 were lower in hypoxia than in normoxia. In hypoxia they also decreased with increasing workload. In both conditions the values observed under BB were not significantly different from those found in C.
The relationships between _ QaO 2 and _ V O 2 are combined in Fig. 3 . The slope of the linear regression in normoxia did not differ significantly from that in C. However, the slope of the linear regression in hypoxia was significantly higher than that in C. None of the two slopes under BB was significantly different from 1, indicating invariant _ Q" vO 2 at exercise under BB both in normoxia and in hypoxia. Coherently, in normoxia, _ Q" vO 2 was significantly decreased with respect to the corresponding values in C for exercise levels upwards from 100 W, but was unchanged at rest. In hypoxia _ Q" vO 2 was significantly decreased with respect to C at rest and at 50 W, but was unchanged at 100 and 150 W.
Oxygen return, arterial oxygen saturation, and oxygen extraction The _ Q" vO 2 decrease as a function of workload in hypoxia paralleled an analogous decrease in SaO 2 . _ Q" vO 2 is
shown as a function of SaO 2 in Fig. 4 . Two distinct linear relationships were observed: one for C and the other for BB. The line for C, calculated with the exclusion of the resting value in normoxia, had a significantly higher slope than the line for BB. The two lines converged onto the extreme hypoxic values. The resting control value in normoxia lied on the BB line. The _ Q" vO 2 variations as a function of SaO 2 , or as a function of the workload in hypoxia, were not a consequence of increased tissue oxygen extraction. Indeed the relationship between _ Q" vO 2 and oxygen extraction coefficient was very weak (see Fig. 5 ).
Discussion
The results of the present study are in agreement with the tested hypothesis, as this study showed that selective blockade of b1-adrenergic receptors decreased _ QaO 2 and _ Q" vO 2 significantly during exercise in normoxia as well as during rest and light exercise in hypoxia. These effects were a consequence of the reduction in _ Q that resulted from the inability to fully compensate for the BB-induced drop in f H through an increase in SV. It followed from this that BB altered the relationship between _ Q" vO 2 and SaO 2 whose slope was significantly reduced.
The results obtained in normoxia and in hypoxia in C compare well with those from previous studies. The linear relationship between _ Q" vO 2 and SaO 2 , in C (see Fig. 4 ) did not differ from previously reported studies (Anchisi et al. 2001) . The _ Q" vO 2 value observed at rest in normoxia, a condition generally considered to be characterised by elevated vagal stimulation, lied exactly on the _ Q" vO 2 vs SaO 2 line for BB.
Heart rate, stroke volume, and cardiac output
The decrease in f H was observed in all studies with badrenergic blockade, and is generally attributed to the Each symbol represents the mean value observed at a given power in the four experimental conditions. The regression line, calculated on the individual values, was y = À0.40 x + 1.49 and n = 18; r = 0.268; 0.05 < p < 0.1 suppression of sympathetic control of the heart. The reduction of f H increases the time of diastole and therefore the telediastolic volume of the ventricle. Although b1-adrenergic blockade has, if any, a negative inotropic effect (Matsuzaki et al. 1984 ), a higher telediastolic volume should result in a higher force of contraction by the Frank-Starling mechanism, leading to an increase in SV compensating for the reduced f H. This was found in the present study, both in normoxia and in hypoxia, as well as in several other studies (Joyner et al. 1986; Kelbaek and Godtfredsen 1991; Pawelczyk et al. 1992; Vanhees et al. 2000) . SV increase, however, did not fully compensate for the decrease in f H. This lack of compensation in normoxia implied significantly lower _ Q values under BB than in C at 100 W and above. In hypoxia, as previously reported (Stenberg et al. 1966; Hartley et al. 1973; Roca et al. 1989 ), higher _ Q values than in normoxia were observed at any metabolic level. BB led to a reduction of _ Q at any given workload because also in hypoxia the increase in SV was insufficient to compensate for the decrease in f H. These _ Q values under BB were nevertheless still higher than those observed in normoxia in C. This means that the _ Q increase in acute hypoxia is only partially due to an increased sympathetic outflow to the heart. In spite of this, _ Q was the same in BB as in C at rest and at 50 W in normoxia. These are the two conditions under which sympathetic activation can be assumed to be at its minimum and vagal activation at its maximum (Yamamoto et al. 1996) . Thus, the bradycardic effect of specific b1-adrenergic blockade was minimal, because sympathetic inhibition was already taking place, so that the SV increase could effectively maintain _ Q:
Oxygen delivery and oxygen return
In normoxia, the increase in _ QaO 2 with power paralleled the increase in _ V O 2 : Thus, _ Q" vO 2 did not vary as a function of exercise intensity, in agreement with previous findings (Ferretti et al. 1992) . At rest, however, _ Q" vO 2 was definitely lower than at any exercise level. This agrees with the notion that resting humans are under predominant vagal control, whereas the sympathetic outflow to the heart is essentially inhibited. Under BB, because of unchanged CaO 2 , diminutions of _ QaO 2 parallel to the changes in _ Q were observed. Since at each workload _ V O 2 was the same in BB as in C, lower _ QaO 2 values implied a _ Q" vO 2 reduction with respect to C. Consistently, no reductions of _ QaO 2 and _ Q" vO 2 were found at rest, where BB-induced bradycardia was minimal.
In hypoxia, with respect to normoxia, the association of higher _ Q values with lower CaO 2 levels was such as to generate lesser _ QaO 2 increases at the various workloads. As a consequence, the linear relationship between _ QaO 2 and _ V O 2 had a slope significantly lower than 1. This implied a decrease in _ Q" vO 2 with exercise intensity. Such a decrease was parallel to that in SaO 2 as shown also in previous studies (Koskolou et al. 1997a; Anchisi et al. 2001) . Under BB, because CaO 2 was unchanged, drops in _ QaO 2 parallel to the changes in _ Q were again observed. As a consequence, _ Q" vO 2 was significantly lower in BB than in C at rest and 50 W, but not at 100 and 150 W exercise.
The data combination discussed above resulted in two distinct relationships between _ Q" vO 2 and SaO 2 . One line, similar to that previously reported (Anchisi et al. 2001) , referred to all data obtained in C except for the resting value in normoxia: coherently with our conjecture, we propose that it describes a condition of predominant sympathetic control. The other, flatter, refers to all data obtained with b1-adrenergic blockade plus the resting value in normoxia: it applies to conditions in which the sympathetic outflow to the heart is inhibited, either physiologically or pharmacologically, and the heart is under predominant vagal control.
The observation that BB failed to reduce _ Q" vO 2 at intense exercise in hypoxia is in apparent contradiction with the above reasoning. Several factors may modulate the neural regulation of cardiovascular oxygen transport in deep hypoxia. Acute hypoxia was found to displace upward and rightward the baroreflex control of f H and increase muscle sympathetic nerve activity (Halliwill and Minson 2002) . Baroreflex activity was not investigated in this study, but its investigation would be of great interest in future studies of oxygen transport during exercise. The potential role of peripheral chemoreceptors also cannot be neglected, as they act not only on ventilation but also on the cardiovascular system. Last but not the least, the loss of oxygen bound to haemoglobin may represent a strong stimulus (Anchisi et al. 2001; Gonzalez-Alonso et al. 2001 ) acting on the cardiovascular oxygen transport. This stimulus may lead to a marked overall sympathetic stimulation, mediated also by a-adrenergic or b2-adrenergic receptors, which would keep up _ QaO 2 and _ Q" vO 2 ; preventing them from reaching extremely low levels. However, since (1) metoprolol is a competitive blocker of b1-adrenergic receptors, (2) circulating catecholamines increase at exercise and are higher in hypoxic than in normoxic exercise (Escourrou et al. 1984; Hughson et al. 1995) , and (3) circulating catecholamines could not be measured in this study, one cannot disregard the hypothesis that incomplete b1-adrenergic blockade might have occurred at the highest workloads in hypoxia because of very high catecholamine concentrations.
On the modulation of the oxygen transport system during exercise and hypoxia
The weak relationship between oxygen extraction and _ Q" vO 2 (Fig. 5) demonstrates that _ Q" vO 2 is not a mere passive consequence of the Fick principle, simply reducing when tissues extract more oxygen as, for example, in hypoxia (see Table 2 ). In agreement with this is the observation that _ Q" vO 2 is independent of the workload in normoxia, although oxygen extraction in-creases with the exercise intensity. At any given metabolic level _ Q" vO 2 and _ QaO 2 are the result of a complex homeostatic regulation, in which the changes in _ Q; as determined by f H and SV modulation by the sympathetic and the vagal systems, play a role. In hypoxia _ Q" vO 2 is modulated also by the changes in SaO 2 (Fig. 4) . On the basis of this concept, the present results allow a general scheme of the changes to be proposed in the oxygen transport system in hypoxia and exercise. This scheme relies on the following notions:
1. There are two distinct relationships between _ Q" vO 2 and SaO 2 , one describing a condition of predominant vagal control and the other a condition of predominant sympathetic control. 2. The latter line would be displaced upward with respect to the former. 3. Moving from the ''vagal'' to the ''sympathetic'' line and vice versa would imply resetting of the cardiovascular regulation.
The resting _ Q" vO 2 value in normoxia lies on the ''vagal'' line and thus is unaffected by BB. During normoxic exercise vagal withdrawal occurs and sympathetic stimulation takes place so that the _ Q" vO 2 values move up towards the ''sympathetic'' _ Q" vO 2 vs SaO 2 line. When sympathetic stimulation is withdrawn by b1-adrenergic blockade, _ Q" vO 2 is decreased towards the ''vagal'' line. The administration of hypoxia at rest -implying a decrease in SaO 2 , an increased sympathetic activity and perhaps a reduced vagal activity -moves _ Q" vO 2 upward and leftward towards the ''sympathetic'' _ Q" vO 2 vs SaO 2 line. During exercise in hypoxia, since the subjects operate on the steep portion of the oxygen equilibrium curve, SaO 2 decreases with respect to the resting value and _ Q" vO 2 moves down the ''sympathetic'' _ Q" vO 2 vs the SaO 2 line, becoming lower with increasing exercise intensity. For this reason the slope of the _ QaO 2 vs _ V O 2 line in hypoxia turns out significantly lower than 1.
In this context, we would have expected BB to reduce _ Q" vO 2 also during intense exercise in hypoxia. This was not the case in this study. As discussed above, the lack of BB effects on _ Q" vO 2 during exercise in hypoxia was explained either by the possible intervention of other, peripheral control mechanisms elicited by hypoxaemia or by incomplete BB during intense exercise in hypoxia.
In subjects acclimatised to altitude, a greater degree of sympathetic activation was found with respect to that observed at sea level (Perini et al. 1996) . It has been recently demonstrated, however, that acclimatisation to altitude is associated with an increase in parasympathetic activity with respect to the condition of acute hypoxia, which accounts for the progressive reduction in f H with time at altitude (Boushel et al. 2001 ). This reduction in f H, and thus in _ Q; compensates for the increase in CaO 2 due to the higher haemoglobin concentration such that at any metabolic and SaO 2 level, _ QaO 2 ; and thus _ Q" vO 2 are maintained unchanged and on the appropriate _ Q" vO 2 vs SaO 2 line. An analogous reduction in f H and thus in _ Q;
was observed during exercise in normoxia after induction of polycythaemia (Ferretti et al. 1992) , the reverse being observed in acute anaemia (Koskolou et al. 1997b) . It is tempting to propose such compensation to be mediated by a change in the sympatho-vagal balance. This would mean that, for any given SaO 2 level, the degree of sympathetic activation is decreased and that of vagal activation is increased, the higher the haemoglobin concentration and thus CaO 2 . These changes may act not only on the heart, but also on muscle adrenergic receptors as anaemia is associated with an increase in muscle blood flow (Gonzalez-Alonso et al. 2001 ).
